Background/Aims: Cerebral ischemia is considered to be the most common cause of stroke with high mortality. It occurs as a result of the damage of the hippocampal neurons with lymphocyte function-associated antigen (LFA)-1 being emphasized to play a role in the biological functions of hippocampal neurons. This study was conducted in order to investigate the effects of specific knockdown of LFA-1 expression by lentivirus had on the apoptosis of the hippocampal neurons, simulated by rat models of acute cerebral ischemia after cerebral lymphatic blockage. Methods: A total of 60 Wistar rats were selected as subjects, among which 50 were used to establish models of the acute cerebral ischemia after cerebral lymphatic blockage, while the remaining 10 rats were treated with the sham operation. The underlying regulatory mechanisms regarding LFA-1 were analyzed with the treatment of si-LFA-1 and LFA-1 vector in the hippocampal CA1 area of brain tissues isolated from the rats with acute cerebral ischemia. The brain water content, electrolyte content, and blood-brain barrier permeability located in ischemic area of rats were measured. TUNEL staining and immunochemistry methods were employed in order to determine the apoptosis rate and positive levels of LFA-1, MMP-9, and Caspase-3. The mRNA and protein levels of related genes were also detected by means of RT-qPCR and western blot assay. Results: The brain water content, Na + and Ca + contents, blood-brain barrier permeability, apoptosis rate, positive levels of LFA-1, MMP-9,
Introduction
Cerebral ischemia, which is commonly referred to as a stroke, is the main etiological factor linked to a complicated series of both molecular and biochemical mechanisms disrupting the neurologic functions due to its excitotoxicity glutamatergic signaling, ionic imbalance, and free-radical reactions mediated cellular integrity damage [1] . Cerebral ischemia has been documented as being the third leading cause of mortality in the US, while it accounts for equal amount disability cases, the vast majority of which results from an obstruction of both the flow of oxygen and nutrients to the brain due to clots that occur in the cerebral vasculature [2] . The risk factors for this disease include hypertension, coronary artery disease, myocardial infarction, dyslipidemia, and atherosclerosis, and the prevention or treatment of these risk factors could aid in the reduction of cerebral ischemia [3] . The most common site of occurrence related to cerebral ischemia is located in the middle cerebral artery, with no single therapy available in providing optimal outcomes due to various treatment options and outcomes in individuals [4] . Therefore, it became our main objective to investigate a novel target in order to improve the treatment and outcome of acute cerebral ischemia after cerebral lymphatic blockage.
Lymphocyte function-associated antigen (LFA)-1 is a cell surface protein primarily found in lymphocytes, mediating the cell-to-cell interactions essential for both immune responses and inflammation in the diseased tissue due to its mechanism of binding to its cognate ligand intercellular adhesion molecule (ICAM)-1 [5] . LFA-1 plays an essential role in immune cell trafficking and activation, and is a major contributor to the hots defense [6] . Based on a previously conducted study on the therapeutic application of MMP-9 gene silencing in focal ischemia presented us with the disruption of blood-brain barrier, brain water content, and reduction of neurological deficits due to MMP-9 siRNA treatment, indicating that the gene silencing of specific gene could provide an effective strategy in the treatment of cerebral ischemia [7] . Therefore, we came up with the hypothesis that the LFA-1 gene silencing mediated by lentivirus may have pro-regulatory effects on the hippocampal neurons in rats with acute cerebral ischemia after cerebral lymphatic blockage. Moreover, in the present study, the effects lentivirus-mediated gene silencing of LFA-1 had on the apoptosis of the hippocampal neurons of acute cerebral ischemia after cerebral lymphatic blockage were also investigated.
Materials and Methods

Ethics statement
All animal procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals.
Experimental animals
A total of 60 Wistar rats, aged approximately 10 ± 2 weeks and weighing approximately 210 ± 20 g (30 male rats and 30 female rats) that had been kept under specific-pathogen-free (SPF) conditions were provided by the experimental animal center of Jilin University. All rats were kept in a suitable environment with free access to both food and water, under a 12-h light/dark cycle with constant temperature between 22 -24°C and humidity between 50 -60%.
Model establishment of acute cerebral ischemia
Out of those 60 Wistar rats, 50 were randomly selected in order to establish the acute cerebral ischemia model using the thread embolism method [8] . The rats were then intraperitoneally injected with 0.3% pentobarbital sodium solution (30 -40 mg/kg; P3761; Sigma-Aldrich Chemical Company, St Louis, MO, USA). The anesthetized Wistar rats were then placed in a supine position on an operating table at a temperature of 37°C. An incision was made along the midline on the rat's neck, exposing the left common carotid artery. Next, the abdominal and sternocleidomastoid muscles were pulled from the incision point and moved from the common carotid artery to the head. Afterwards, the occipital artery from external carotid artery was ligated and cut off along with the thyroid artery. After ligation was completed at the distal end of the external carotid artery, the external carotid artery was cut all the way to the trunk for subsequent experiments. Once the internal carotid artery was separated, the micro guidewires in the internal carotid artery were used for both operations of loosening the button, clamping both the common carotid and internal carotid arteries. A Craniotomy was conducted using a fishing line passing through the external carotid artery and entering the internal carotid artery. The bifurcation of the common carotid artery was regarded as a biomarker, with the fishing line reaching the smaller anterior cerebral artery in order to promote the resistance to approximately 17 ~ 20 mm. The supply of the whole blood of arteria fossae sylvii was blocked, the external carotid artery was firmly tightened and the button was loosened. The above findings indicated the successful establishment of the acute cerebral ischemia rat model. After anesthetization, the bifurcation of both internal and external artery of rats was exposed in the sham group, without any blocks presented in the middle cerebral artery.
Model establishment of cerebral lymphatic blockage
About 15 min following the acute cerebral ischemia model establishment, the cerebral lymphatic blockage model was established using the Casley-Smith method [9] . Afterwards, the superficial lymph nodes were separated from both sides of the neck. Once both the inputting and outputting ends of the lymphatic vessel were ligated using suture 1, the lymph nodes were removed. Next, the transverse separation of the common carotid artery and the vagus nerve in the thyroid cartilage was performed, after which the deep cervical lymph nodes were obtained (1 -2). The deep cervical lymph nodes were resected using the previously mentioned method for the lymphatic vessels and the incisions were sewn up layer by layer. Although the rats in the sham group were not connected to the lymphatics, however, their respective lymph nodes were extracted. After the anesthesia wore off, if either adduction or a passive extension was observed on the right anterior thigh or the rats were able to crawl with turning on the right or dumping tailing, suggesting the successful establishment of the rat model of cerebral lymphatic blockage.
Construction and screening of lentiviral vector
The cDNA sequence of LFA-1 (accession number: NG_029889.1) was obtained according to the reports in GenBank. Reverse transcription was performed in order to obtain the target gene for LFA-1. Both lentiviral vector and negative control (NC) vector were constructed: plasmids containing the target gene as well as NC purified by EcoR I were used along with an agarose gel electrophoresis performed simultaneously; target fragments of both LFA-1 and NC sequence were retrieved and purified; the obtained target gene was then connected with the lentiviral vector plasmid LV3 with green fluorescent protein at a temperature of 22°C for 30 h. LFA-1 interference vector was constructed: three pairs of Table 1 . RNA interference target sequences. Note: shRNA, short hairpin RNA shRNA sequences (shRNA1, shRNA2 and shRNA3) and one pair of NC sequence shRNA (-) targeting LFA-1 gene were designed using an online designer, provided by the Invitrogen Inc. (Carlsbad, CA, USA) ( Table  1 ). The sequences with loop were heated at a temperature of 95°C for 5 min, after which annealing was performed in order to form the double-stranded shRNA templates. The shRNA was then connected with lentiviral vector plasmid LV3 with green fluorescent protein gene by DNA ligase for the formation of LVshRNA plasmid vector.
Both a recombinant LFA-1 vector plasmid and LV-shRNA plasmid were used in order to transform the competent bacteria known as Top10, followed by screening of the recombinant clones. A small number of plasmids were then extracted for further identification of their restriction enzyme digestion and sequencing using EcoR I. After identification, a large number of the recombinant plasmids were amplified. Titer determination and packaging of the lentiviral vector were performed. The rat neurons were then cultured in a Dulbecco's modified Eagle's medium (DMEM) medium containing 5% fetal bovine serum (FBS). Gradient dilution was conducted in order to infect the neurons virus solution. The optimum infection concentration of the lentivirus was selected in combination with the ratio of green fluorescence expression in infected rat neurons under a fluorescence microscope. PC12 neurons were infected with the optimum infection concentration of the lentivirus in each group, cultured at a temperature of 37°C with 5% CO 2 for 24 h. After the removal of the virus solution, the neurons were cultured for an additional 72 h. The cells were collected again, after which reverse transcription quantitative polymerase chain reaction (RT-qPCR) was performed in order to determine the expressions of LV-shRNA in three groups, hoping to find the optimum interference vector.
Animal grouping
Rats were then assigned into the control (rats in the sham group), blank (model rats), NC (model rats with intravenous injection of 5 μl NC), si-LFA-1 (model rats with intravenous injection of 5 μl si-LFA-1), and the LFA-1 vector (model rats with intravenous injection of 5 μl LFA-1 vector) groups.
Determination of brain water content in ischemic area
The rats in each group were sacrificed by neck dislocation at time intervals of 0 h, 24 h, 48 h, and 72 h after the injection of the plasmid vector. The cerebral ischemic tissues were then sliced into 4-mm thick sections, with the wet weight measured immediately using an electronic analytical balance. Then, the sections were placed in an electric oven, dried at a temperature of 105°C to keep the weight constant, after which the dry weight was measured; the formula for brain water content (%) = (wet weight -dry weight)/ wet weight × 100%. The experiment was repeated a total of three times.
Determination of electrolyte content in ischemic area
Electrolytes (Na + , K + , and Ca + ) were measured in the ischemic area of rats. The contents of Na + and Ca + in brain tissues were determined using the atomic absorption method. The dried brain tissues were then treated with a mixed acid (nitric acid: perchloric acid = 3 : 1). Then, the digested solutions were diluted using up to 10 ml of deionized water. The contents of both Na + and Ca + in brain tissues were examined using an M3100 atomic absorption spectrophotometer. The content of K + was measured by flame emission method. The contents of Na + , K + , and Ca + were assessed at the time intervals of 24 h, 48 h, and 72 h after injection with plasmid vector. The experiment was repeated three times.
Determination of the blood-brain barrier permeability
The blood-brain barrier permeability of rats in each group was examined using the formamide method. The standard curve of Evan's blue (EB) content was made. About 30 min prior to the execution of the rats, the fishing lines were pulled out and 2% EB (2 mL/kg) was injected into the femoral vein of the rats. Subsequently, their hearts were perfused with 12 kPa normal saline, after which they were decapitated instantly when the clear fluid flew out of the right atrial appendage. The left and right cerebral hemispheres were also separated. After the removal of the blood clots, and both arachnoid membranes and ventricles of the brain on cortical surface, both injured hemispheres were accurately weighed twice (D-value < 0.2 mg). The crushed cerebral hemisphere with thalidomide solution (1 mL/100 mg) was then placed in a 60°C water bath for 48 h, after which centrifugation was carried out at a temperature of 4°C for 10 min at a speed of 28985 × g, and the supernatant was collected. The optical density (OD) value at 600 nm was 
Ultrastructural observation of hippocampal neurons in CA1 area
After plasmid vector injection for 48 h, 3 rats in each group were observed under an electron microscope. Rats in each group were sacrificed with the bilateral hippocampus rapidly removed by reference to the rat brain atlas. The tissues (1 mm 3 ) were then fixed in a 2.5% glutaraldehyde for 24 h, followed by a combination of washing and vulcanizing with 1% oxygen for 1 h. Then, the tissues were dehydrated as a result of a gradient ethanol, replaced, and saturated with a pyruvate solution. After being embedded in Epon 812, the tissues were cut into ultrathin paraffin sections, counterstained with both a lead citrate and uranyl acetate, and observed under a transmission electron microscopy (TEM). Ultrastructural observation of hippocampal neurons was performed using TEM.
Hematoxylin-eosin (HE) staining
After the injection with plasmid vector for 48 h, the rat brain tissues were obtained and fixed in a 4% paraformaldehyde for 24 h. The tissues were later dehydrated using 80%, 90%, and 100% ethanol as well as n-butanol, and placed in a wax box at 60°C. After being embedded, the tissues were further cut into 5 μm serial sections. The cut sections were baked at 60°C for 1 h and dewaxed with xylene. After hydration, the sections were routinely stained with the HE stain. After a routine dewaxing and gradient ethanol hydration, the prepared sections were then stained with hematoxylin (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) for 2 min, followed by rinsing under running water for 10s as well as a color separation cycle with 1% ethanol-hydrochloric acid for 10 s. Following rinsing with distilled water for 1 min, the sections were stained with eosin for 1 min, dehydrated with gradient ethanol, cleared in xylene, and sealed off with a neutral balsam. The pathological changes detected in hippocampal CA1 area of rat brain tissues in were observed under an optical microscope (XP-330, Shanghai Changfang Optical Instrument Co., Ltd., Shanghai, China).
Terminal Deoxynucleotidyl Transferase (TdT)-mediated (dUTP) nick end-labeling (TUNEL) staining
After another injection with plasmid vector for 48 h, the brain tissues were formed into paraffin sections. Prior to TUNEL staining, the paraffin sections were pretreated as follows: the tissues were dewaxed with xylene (twice, 10 min each time), hydrated with a gradient ethanol of 100%, 90%, 80%, 70%, 50%, and 30% for 5 min respectively, rinsed with phosphate buffer saline (PBS) (twice, 2 min each time); the sections underwent a reaction along with a Protease K working solution at a temperature between 21 -37°C for 20 min with the addition of a 0.3% methanol solution at room temperature for 30 min, respectively; after being rinsed with PBS (twice, 2 min each time), the tissues were immersed in a 0.1% Triton X-100 solution (dissolved in 1 × soluble solid content (SSC) solution) for 5 -10 min, rinsed with PBS twice (2 min per wash), and finally dried. Next, the TUNEL assay kit was purchased from Shanghai Boyao Biotechnology Co., Ltd. (Shanghai, China). The sections were then added along with 10 μL reaction solution; after being rinsed with Buffer A twice, 1 min each time, the sections were treated with 50 μL of blocking solution at 37°C for 30 min as well as a 40 μL chromogenic reaction fluid at 37°C for 60 min, respectively; after being rinsed further with Buffer B twice (1 min per wash), the sections were added along with 40 μL nitro blue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) chromogenic reaction fluid, after which the sections were placed in a cassette for 20 min. The sections were then re-dyed with nuclear fast red for 20 s, followed by washing with water and dehydration by gradient ethanol, after which they were cleared and sealed. The cells whose nucles appeared to have a yellow color were set to be positive cells. A total of 6 symmetrical high-power fields of vision (× 200) were randomly selected in the hippocampal CA1 area in each section with the percentage of the positive cells calculated using the formula: the Apoptosis index (AI) = number of apoptotic cells/total cells × 100%. Immunohistochemistry The brain tissues in each group were all fixed in 4% paraformaldehyde solution for 24 h, after which they were dehydrated with 80%, 90%, and 100% ethanol as well as n-butanol as mentioned above, and placed in the wax box at 60°C. After being embedded, the tissues were cut again into 5 μm serial sections, followed by baking at 60°C for 1 h and dewaxing with xylene. Subsequently, the tissues were dehydrated with a familiar gradient ethanol and immersed in a 3% H 2 O 2 for 10 min, followed by a washing cycle with distilled water. Then, antigen retrieval was performed with the use of a high-pressure cooker for 90 s. Once the temperature cooled down to room temperature after the antigen retrieval, the sections were rinsed with PBS 3 times (3 min per wash), followed by incubation with 5% bovine serum albumin (BSA) blocking solution (100 μL) at 37°C for 30 min. Next, the sections were incubated along with 100 μL of the primary antibodies of rabbit anti-LFA-1 (1 : 1000, ab214035), MMP-9 (1 : 100 -1 : 1000, ab38898) and Caspase-3 (1 : 50, ab13847) at 4°C overnight. All the above mentioned antibodies were purchased from Abcam Inc. (Cambridge, MA, USA). Then, the sections were rinsed off using PBS for a total of 3 times (3 min per wash). Biotin-labeled goat anti-rabbit secondary antibody (1 : 100) (HY90046, Shanghai Hengyuan Biological Technology Co., Ltd., Shanghai, China) was added into the sections, after which the incubation was carried out at 37°C for 30 min. Following a rinse with PBS, the sections were incubated along with a Streptomycin Avidin peroxidase solution (Beijing Zhongshan Biotechnology Co., Ltd., Beijing, China) at a temperature of 37°C for 30 min, followed by 3 cycles of rinsing with PBS (3 min per wash). Diaminobenzidine (DAB) (Bioss Biotechnology Co., Ltd., Beijing, China) was then added to incubate the sections. Then, the sections were soaked in a hematoxylin solution for 5 min, followed by washing with water, rinsing with 1% hydrochloric ethanol for 4 s, and soaking in water for 20 min for the color of the sections to return back to blue. An image analysis software (Image-Proplus) was employed at high magnification (Media Cybernetics, Silver Spring, MD, USA) in order to determine the average OD value involving positive staining of LFA-1, MMP-9, and Caspase-3 in the hippocampal CA1 area of rat brain tissues respectively, with a quantitative analysis performed soon after. Cells with brownish-yellow appearance were considered protein-positive ones [10] . The judgment criteria of positive protein levels were as follows: five high-power fields of vision for each section were randomly selected (× 200), with 100 cells selected for each field; the percentage was then calculated using the formula: percentage of positive cells = positive tumor cells/total tumor cells × 100% (> 10% as positive [+]; < 10% as negative [-] ). The experiment was repeated a total of three times.
RT-qPCR
The tissues were frozen in liquid nitrogen and grounded into fine powder. The total RNA was then extracted in accordance with the instruction detailed by the Trizol reagent kit (15596-018, Invitrogen Corp., Carlsbad, CA, USA), after which both the purity and concentration of the RNA were measured. Afterwards, reverse transcription of the RNA into cDNA was carried out according to the manufacture's instruction Primescript TMRT reagent kit (RRO37A, TaKaRa Biotechnology Co., Ltd., Dalian, Liaoning, China), with a reverse transcription system concentration of 25 µL. The reaction conditions were set as follows: reverse transcription was conducted at a temperature of 37°C for 15 min 3 times, and reverse transcriptase inactivation reaction was conducted at 85°C for 5 s. The cDNA obtained was then added along with 65 μL of diethyl phosphorocyanidate (DEPC). RT-qPCR was then performed according to the instruction of SYBR ® Premix Ex Taq TM II kit (TaKaRa Biotechnology Co., Ltd., Dalian, Liaoning, China). The reaction system (50 μL) consisted of 25 μL of SYBR ® Premix Ex Taq TM II (2 ×), 2 μL upstream primers of PCR, 2 μL downstream primers of PCR, 1 μL ROX Reference Dye (50 ×), 4 μL DNA template and 16 μL dH 2 O. RT-qPCR was performed again, this time using ABI PRISM ® 7300 Sequence Detection System (Applied Biosystems, Forster City, CA, USA). Table 2 . Primer sequences for RT-qPCR. Notes: RT-qPCR, reverse transcription quantitative polymerase chain reaction; LFA-1, lymphocyte function-associated antigen 1; MMP-9, Matrix metalloproteinase-9; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2-associated X protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase
The reaction conditions were as follows: pre-denaturation at 95°C for 40 min, 40 cycles of denaturation at 94°C for 30 s, annealing at 58°C for 30 s, and extension at 72°C for 1 min. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the internal reference, and all primers (Table 2) were both designed and synthesized by the Wuhan Bio just Biology Engineering Company (Wuhan, China). 2-ΔΔCt represented the ratio of the target gene expression between both the experimental and control groups with the formula expressed as follows: ΔΔCt = ΔCt experiment group -ΔCt control group ; ΔCt ＝ Ct target gene -Ct GAPDH [11] . The threshold cycle (Ct) was the amplification cycles when the fluorescence intensity had reached the set threshold and the amplification entered a logarithmic growth phase. The experiment was repeated a total of three times.
Western blot assay
The hippocampus, liver, kidney, and lung tissues were all frozen in liquid nitrogen and then ground into a fine powder. The tissues were then added with a 1 ml lysate [50 mmol/L Tris, 150 mmol/L NaCl, 5 mmol/L ethylenediaminetetraacetate (EDTA), 0.1% sodium dodecylsulfate (SDS), 1% NP-40, 5 μg/ mL aprotinin, and 2 mmol/L phenylmethyl sulfonyl fluoride (PMSF)]. The mixture was ground similarly into a homogenate in an ice bath, added along with a protein lysate at 4°C for 30 min with gentle shaking every 10 min, and centrifuged at a rate of 28985 × g at 4°C for 20 min; following the removal of the lipid layer, and then the supernatant was obtained. The protein concentration for each tissue was measured using bicinchoninic acid (BCA) protein assay kit (20201ES76, Yesen Biological Technology Co., Ltd., Shanghai, China). Deionized water was then used in order to adjust the loading quantity of the sample to approximately 30 g per protein lane. Subsequently, about 10% SDS separation gel and spacer gel were prepared. The tissues with the ample loading buffer were boiled at 100°C for 5 min. Following boiling, ice bath and centrifugation were performed, after which the equivalent proteins were added into each lane using pipettes, with an electrophoretic separation being performed. Then, the protein was transferred from the gel onto the nitrocellulose membrane. The membrane then underwent blocking with 5% skimmed milk at 4°C overnight. The membrane was then incubated with primary antibodies of rabbit polyclonal antibody LFA-1 (1 : 1000 -1 : 2000; ab53009), matrix metalloprotein-9 (MMP-9) (1 : 1000; ab38898), Caspase-3 (1 : 500; ab13847), B-cell lymphoma-2 (Bcl-2) (1 : 500 -1 : 1000; ab59384), and Bcl-2-associated X protein (Bax) (1 : 1000-1 : 10000; ab32503) overnight, followed by 3 PBS rinses (5 min per wash). All the above mentioned antibodies were purchased from Abcam In. (Cambridge, MA, USA). Next, the secondary antibody of horseradish peroxidase (HRP) labeled goat anti rabbit (1:1000; Wuhan Boster Biological Technology Co., Ltd., Wuhan, Hubei, China) was added for a further incubation at 37°C for 1 h. The membrane was then rinsed using PBS a total of 3 times (5 min each time) and soaked in an electrochemiluminescence (ECL) (Pierce Biotechnology, Inc., Rockford, IL, USA) at room temperature for 1 h. Next, the membrane was dried, covered with plastic wrap, exposed, developed, and fixed using an X-ray film in a dark room, with the results observed afterwards. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the internal reference; the ratio of the gray value of target band to that of the internal reference band represented the relative levels of the protein.
Statistical analysis
All data were analyzed using SPSS 18.0 software (IBM Corp. Armonk, NY, USA). Measurement data were expressed using the mean ± standard deviation (SD). Comparisons made between two groups were analyzed using a t test, whereas comparisons among multiple groups were performed using one-way analysis of variance (ANOVA). p < 0.05 was considered to be a statistically significant value.
Results
Rat models of acute cerebral ischemia are successfully established
The combination of activity and morphology of rats in the sham group were considered normal following anesthesia, as they presented to be active with freely and normally stretched limbs when lifting through the tails. There was no death reported during the operation of rats in the sham group, with a survival rate of 100%. Rats in the model group were shown to be lethargic, sluggish, irritable, and less active after waking. A portion of rats in the model group had begun to show symptoms of paroxysmal convulsions, with inability to freely and
normally stretch their limbs when lifted by the tail, with the left forelimbs hanging close to their chest on the left side. The rats with more severe symptoms presented with decreased muscle strength at both sides of their limbs, and could not move forward but only turn to left side. There were two rats in the model group that died due to inappropriate construction, making the modeling success rate of 96% (Table 3 ). In conclusion, rat models for each acute cerebral ischemia were successfully established.
Vectors in the shRNA1 group have the highest interference efficiency
A fluorescence microscope was then used for observation of transfection efficiency, and the results revealed that the transfection efficiency of the plasmids in each group was more than 80%. The results of interference in efficiency of plasmids in each group are illustrated in Fig. 1 . In comparison with the shRNA (-) group, there was a remarkable decline in the mRNA levels of LFA-1 in the PC12 neurons in the shRNA1, shRNA2, and shRNA3 groups (all p < 0.05). The mRNA level of LFA-1 in the shRNA1 group was the lowest, which indicated that the vectors in the shRNA1 group had the highest interference efficiency. Therefore, the vectors in shRNA1 group were selected for subsequent experiments.
LFA-1 gene silencing reduces brain water content of rats with acute cerebral ischemia
The water content in the brain of rats with acute cerebral ischemia was measured. As shown in Table 4 , there were no significant differences detected in the brain water content of rats in the control group at different time points (p > 0.05). The brain water content in the remaining four groups was slightly higher at the 24 h, 48 h, and 72 h as opposed to the content detected at the 0 h mark, however, the differences observed were not statistically significant (all p > 0.05). In comparison with the control group, there was a notable increase in the brain water contents of rats in the blank, NC, and LFA-1 vector groups at the time intervals of 24 h, 48 h, and 72 h (p < 0.05), while no significant Fig. 1 . Vectors in the shRNA1 group have the highest interference efficiency among the shRNA1, shRNA2, shRNA3, shRNA (-) groups. *** , p<0.001 vs. the shRNA (-) group; # , p<0.05 vs. the shRNA2 group; & , p<0.05 vs. the shRNA3 group; the data are presented as mean ± standard deviation, analyzed by one-way ANOVA. The experiment was independently repeated three times. LFA-1, lymphocyte function-associated antigen-1; shRNA, short hairpin RNA; ANOVA, analysis of variance. Table 4 . LFA-1 gene silencing reduces brain water content with acute cerebral ischemia. Notes: ** , p < 0.01 vs. the control group; *** , p < 0.001 vs. the control group; # , p < 0.05 vs. the blank and NC groups; ### , p < 0.001 vs. the blank and NC groups; the data are presented as mean ± standard deviation, analyzed by one-way ANOVA. The experiment was independently repeated three times. LFA-1, lymphocyte function-associated antigen-1; NC, negative control Compared with the blank and NC groups, the brain water content of the rats involved with the si-LFA-1 group evidently decreased, while it increased in the LFA-1 vector group (all p < 0.05). The results mentioned suggested that LFA-1 gene silencing could potentially result in the reduction of the brain water content of rats with acute cerebral ischemia.
LFA-1 gene silencing is beneficial to reduce Na + and Ca + and accumulate K +
The changes in the electrolyte content in the ischemic area of rats in each group were explored, as shown in Table 5 . The electrolyte content in the ischemic area of rats was measured immediately after injection of lentiviral vector, with the results revealing that there was a remarkable increase in the content of both Na + and Ca + , while the content of K + notably decreased in the remaining four groups as opposed to the control group (all p < 0.05). In comparison with the blank group, there were no significant differences observed in terms of the contents between the Na + and Ca + , as well as K + in the NC, and the si-LFA-1 and LFA-1 vector groups (all p > 0.05). At the intervals of 24 h, 48 h, and 72 h following the treatment, there was a significant increase in the contents of both Na + and Ca + in comparison with the control group, while the content of K + was notably decreased in the remaining four groups (all p < 0.05). In comparison to the blank group, there were no significant differences detected in terms of the contents of Na + and Ca + and K + in the NC group (p > 0.05). In comparison with the the blank and NC groups, Na + and Ca + were found to be significantly decreased in the si-LFA-1 group, however, the content of K + was notably increased; there was an increase in the , and an accumulation of K + in the ischemic area of rats with acute cerebral ischemia.
LFA-1 gene silencing protects brain tissues by reducing the blood-brain barrier permeability
The permeability of the blood-brain barrier of rats in each group was determined by measuring the EB content using the formamide method. The results (Table 6) showed that at the 12 h mark following the injection of plasmid, there was an increase in EB contents in the blank, NC, si-LFA-1, and LFA-1 vector groups when compared with the control group (all p < 0.05); there were no significant differences observed in the EB content among the blank, NC, si-LFA-1, and LFA-1 vector groups (all p > 0.05). At 24 and 48 h following injection, the EB content in brain tissues of rats in the blank, NC, si-LFA-1, and LFA-1 vector groups was noticeably higher than the content observed in the control group (all p < 0.05). In comparison with the blank group, there were no notable differences in the EB content in the NC group (p > 0.05). In contrast to the blank and NC groups, there was a significant decrease in the EB content in si-LFA-1 group, while the EB content in LFA-1 vector group had increased (both p < 0.05), proving that the LFA-1 gene silencing had favorable effects on reducing the bloodbrain barrier permeability in rats with acute cerebral ischemia, providing protection to their brain tissues.
LFA-1 gene silencing improves ultrastructure of hippocampal neurons in CA1 area
Ultrastructure of hippocampal neurons in CA1 area in each group was observed under a TEM. As shown in Fig. 2 , the hippocampal neurons observed in CA1 area in the control group presented with a normal cell morphology with a complete cell membrane and mitochondrial structure; in the cytoplasm, the endoplasmic reticulum and the Golgi complex were roughened; the structure of the nucleus was clear and visible, with the chromatin evenly distributed throughout the nucleus. In both the blank and NC groups, many cell membranes were seen folded; cell volume was either contracted or close to normal; mitochondria had presented with flocculation changes and vacuoles; the nucleus was irregular and part of 
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Cellular Physiology and Biochemistry the nuclear membrane was ruptured; the chromatin was condensed into a ring or crescent, some of which had been aggregated together to form a larger block; the cytoplasm was concentrated and the cell body had been contracted. The most serious neuronal was observed in the LFA-1 vector group; the cell membrane had become invaginated into vacuoles with a large area of space appearing in the cytoplasm; a bubble-like protuberance was formed in the expanded endoplasmic reticulum and cell membrane with a small amount of apoptotic bodies had newly formed. There was a slight neuronal injury in the si-LFA-1 group, with both the mitochondria and Golgi complex vaguely observed; the chromatin was evenly distributed and the nucleolus was comparatively complete. The aforementioned results determined that LFA-1 gene silencing could improve the ultrastructure of hippocampal neurons in CA1 area.
LFA-1 gene silencing ameliorates pathological changes in hippocampal CA1
area of brain tissues HE staining method was used again in order to observe the pathological changes present in the hippocampal CA1 area of rat brain tissues in each group, as shown in Fig. 3 . In the control group, there was no sign of obvious neuronal ischemia, and the cells appeared to have a tightly structured and tidy appearance. However, in the blank and NC groups, there was an increased loss of nerve cells, and the ones that remained had an irregular arrangement and a loose structural appearance with a blurry edge and wizened cytosol. The edge showed vacuolization, with the nucleus deeply stained, condensed, dissolved, and partially disappeared. Neurons in the si-LFA-1 group had a few noticeable changes, with a neat arrangement; in the LFA-1 vector group, there was severe ischemic injury of neurons, coupled with a disorganized arrangement. From the above findings, we concluded that LFA-1 gene silencing could ameliorate pathological changes in hippocampal CA1 area of brain tissues. Fig. 4 . TUNEL staining shows that LFA-1 gene silencing reduces neuron apoptosis in hippocampal CA1 area of brain tissues. A, TUNEL staining (× 400; scale bar: 25 um) was performed to detect neuron apoptosis in hippocampal CA1 area of brain tissues; B, statistical chart of neuron apoptosis in hippocampal CA1 area of brain tissues; *** , p<0.001 vs. the control group; ### , p<0.001 vs. the blank and NC groups; the data are presented as mean ± standard deviation, analyzed by one-way ANOVA. The experiment was independently repeated three times. The arrows indicate the apoptotic nucleus; TUNEL, terminal Deoxynucleotidyl Transferase (TdT)-mediated (dUTP) nick end-labeling; NC, negative control; LFA-1, lymphocyte functionassociated antigen-1; ANOVA, analysis of variance.
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LFA-1 gene silencing reduces neuron apoptosis in hippocampal CA1 area of brain tissues
TUNEL staining was carried out in order to determine the rate of brain tissue apoptosis of the rats in each group (Fig. 4) . Based on the results, the rate of apoptosis of the neurons in the hippocampal CA1 area of rat brain tissues in each group were sorted as follows: the LFA-1 vector group > the blank group, the NC group > the si-LFA-1 group > the control group. There was a significant increase in the apoptosis rate in the remaining four groups as compared with the control group (all p < 0.05). In comparison with the blank group, there were no significant changes detected in apoptosis rate in the NC group (p > 0.05). In comparison with both the blank and NC groups, the apoptosis rate in the si-LFA-1 group presented with a lower level, while the LFA-1 vector group had a significantly higher apoptosis rate (all p < 0.05). These findings suggested that LFA-1 gene silencing results in the reduction of neuronal apoptosis in hippocampal CA1 area of brain tissues.
LFA-1 gene silencing decreases positive levels of LFA-1, MMP-9 and Caspase-3 in hippocampal CA1 area of brain tissues
Immunohistochemistry was performed in order to determine the collective positive levels of LFA-1, MMP-9, and Caspase-3 in the hippocampal CA1 area of brain tissues. The results of the positive levels among LFA-1, MMP-9, and Caspase-3 in hippocampal CA1 area of rat brain tissues in each group are illustrated in Fig. 5 . In comparison with the control group, the positive levels of LFA-1, MMP-9, and Caspase-3 of rats in each group had increased significantly (all p < 0.05). In comparison with the blank group, there were no significant *** , p<0.001 vs. the control group; ### , p<0.001 vs. the blank and NC groups; the data are presented as mean ± standard deviation, analyzed by one-way ANOVA. The experiment was independently repeated three times. NC, negative control; LFA-1, lymphocyte function-associated antigen-1; MMP-9, matrix metalloprotein-9; ANOVA, analysis of variance. differences observed in the positive levels of LFA-1, MMP-9, and Caspase-3 in the NC group (p > 0.05). The positive levels of LFA-1, MMP-9, and Caspase-3 in the si-LFA-1 group had reduced significantly and those in the LFA-1 vector group notably increased in contrast to the blank and NC group (both p < 0.05). These results confirmed that LFA-1 gene silencing results in a decrease in the positive levels of LFA-1, MMP-9, and Caspase-3 in the hippocampal CA1 area of brain tissues.
LFA-1 gene silencing results in the reduction of mRNA levels of LFA-1, MMP-9, Caspase-3, Bax and elevation of mRNA level of Bcl-2 of brain tissues RT-qPCR was conducted once more for the purpose of ascertaining the potential influence LFA-1 had on the mRNA levels of LFA-1, MMP-9, Caspase-3, Bax, and Bcl-2 (Fig. 6 ). In comparison with the control group, the mRNA levels of LFA-1, MMP-9, Caspase-3, and Bax had all significantly increased, while the mRNA level of Bcl-2 was decreased in the remaining four groups (all p < 0.05). In comparison with the blank group, there were no significant differences detected in the NC group regarding the previously mentioned indicators (p > 0.05). In comparison with both the blank and NC group, the mRNA levels of LFA-1, MMP-9, Caspase-3, and Bax were significantly decreased, while the mRNA level of Bcl-2 increased in the si-LFA-1 group (all p < 0.05); the mRNA levels of LFA-1, MMP-9, Caspase-3, and Bax were all notably elevated, while the mRNA level of Bcl-2 was decreased in the LFA-1 vector group (all p < 0.05). These findings were indicative of the potential ability of LFA-1 gene silencing in reducing mRNA levels of LFA-1, MMP-9, Caspase-3, and Bax and increasing mRNA level of Bcl-2 of brain tissues.
LFA-1 gene silencing decreases protein levels of LFA-1, MMP-9, Caspase-3, and Bax and increases protein level of Bcl-2 of brain tissues
Western blot assay was performed in order to investigate whether or not LFA-1 could affect the protein levels of apoptosis-related genes. The results revealed that there was a significant elevation in the protein levels of LFA-1, MMP-9 and Caspase-3 in comparison with the control group, and Bax, while the protein level of Bcl-2 was reduced as opposed to the remaining four groups (all p < 0.05). In comparison with the blank group, there were no significant differences regarding the aforementioned indicators in the NC group (p > 0.05). In comparison to both the blank and NC group, the protein levels of LFA-1, MMP-9, Caspase-3, and Bax had all notably decreased, while the protein level of Bcl-2 increased in the si-LFA-1 group (all p < 0.05); the protein levels of LFA-1, MMP-9, Caspase-3, and Bax significantly increased, while the protein level of Bcl-2 decreased in the LFA-1 vector group (all p < 0.05) (Fig. 7) . Collectively, LFA-1 gene silencing could potentially result in the decreased protein levels of LFA-1, MMP-9, Caspase-3, and Bax as well as an increased protein level of Bcl-2 of brain tissues. * , p<0.05 vs. the control group; # , p<0.05 vs. the blank and NC groups; the data are presented as mean ± standard deviation, analyzed by one-way ANOVA. The experiment was independently repeated three times. RT-qPCR, reverse transcription quantitative polymerase chain reaction; NC, negative control; LFA-1, lymphocyte function-associated antigen-1; MMP-9, matrix metalloprotein-9; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2-associated X protein; ANOVA, analysis of variance.
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LFA-1 expression in rats injected with LFA-1 vector is increased in hippocampal area while
there is no significant change observed in liver, kidney and lung tissues LFA-1 expressions in the hippocampal area, liver, kidney, and lung tissues were collectively detected by using a western blot assay, the results of which are shown in Fig. 8 . In comparison with the NC group, the expression of LFA-1 found in hippocampal area in the LFA-1 vector group significantly increased (p < 0.05), while there was no significant change observed in the expression of LFA-1 in liver, kidney, and lung tissues (all p > 0.05). # , p<0.05 vs. the blank and NC groups; the data are presented as mean ± standard deviation, analyzed by one-way ANOVA. The experiment was independently repeated three times. NC, negative control; LFA-1, lymphocyte functionassociated antigen-1; MMP-9, matrix metalloprotein-9; Bcl-2, B-cell lymphoma-2; Bax, Bcl-2-associated X protein; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ANOVA, analysis of variance. 
Discussion
Acute cerebral ischemia results in the shortage of oxygen supply while subsequently promoting apoptosis in neurons [12] . Based on previous studies, LFA-1 was identified to play an important role in neuronal synapse, associated with the synaptogenesis in its early developmental stage [13] . In terms of the relationship between LFA-1 and hippocampal neurons, our study intended to investigate the effects LFA-1 gene silencing had on the apoptosis of the hippocampal neurons in rats suffering from acute cerebral ischemia after cerebral lymphatic blockage, and the finding highly suggested that the LFA-1 gene silencing resulted in the inhibition of apoptosis of hippocampal neurons, hence alleviating acute cerebral ischemia.
Initially, our study found that, there was a decrease in brain water content in the ischemic area in the si-LFA-1 group in comparison with both the blank and NC group, while it was on the contrary in the LFA-1 vector group. Our research provided evidence that one of the main pathological changes that occurs following a traumatic brain injury was cerebral edema, which is characterized by an excessive accumulation of water in both the intracellular and extracellular spaces, as a result of which there was a significant increase in brain volume, weight, and intracranial pressure, which could potentially cause brain herniation as well as death [14] . A report also previously showed a significant increase in water content in the ischemic brain tissues [15] . Kappelle et al. suggested the notion that there was a high expression in LFA-1 in the hippocampal neurons in rats suffering from acute cerebral ischemia, due to the weakening of the immune, which was consistent with our findings [16] . Based on other studies, cerebral ischemia promoted neuronal death, and subsequently activated inflammation and innate immunity [17] . Moreover, it has been reported that the inhibition of LFA-1 could be a potential therapeutic pathway to both inflammation and autoimmune diseases [18] . Moreover, MMP-9 gene silencing has been applied as an important therapeutic alternative for patients with cerebral ischemia, and the treatment was very effective in decreasing the brain water content of patients [7] . Based on the aforementioned information, we inferred that lentivirus-mediated gene silencing of LFA-1 could result in the reduction of brain water content in ischemia area of rats.
Additionally, our findings demonstrated that lentivirus-mediated gene silencing of LFA-1 could potentially lead to a decrease in both Na + and Ca + contents along with the blood-brain barrier permeability, and an increase in K + content. Acute cerebral ischemia induced neuronal membrane depolarization, simultaneously resulted in the influx of various ions, including Na + and Ca 2+ [19] . A previous study indicated increasing intracellular concentrations of Na + and Ca 2+ ions might lead to the occurrence of excitotoxicity, which caused either neuronal damage or death [20] . LFA-1 might prolong IP3 production, increasing intracellular Ca 2+ content which was in line with our findings [21] . There were two key processes involved in the increasing of the blood-brain barrier permeability: the first one was loosening the tight junctions between endothelial cells, primarily used for increasing the para-cellular transport; the second one was activation of the endocytosis at the luminal surface of endothelial cells, used primarily for the increase of the transcellular transport [22] . Meanwhile, LFA-1 has been identified as an adhesion molecule in both immune and inflammatory reactions, with LFA-1 membrane molecule associated with the regulation of the adhesion between the T lymphocytes and human endothelial cells, which has been classified as the first process involved in in increasing the blood-brain barrier permeability [23] . Therefore, we came to the conclusion that LFA-1 could reduce the blood-brain barrier permeability.
The results obtained from RT-qPCR and western blot assay revealed that there was a decrease in the levels of LFA-1, MMP-9, Caspase-3, and Bax, and an increase in level of Bcl-2 in the si-LFA-1 group, while it was on the contrary in the LFA-1 vector group. MMP-9 is one of the many matrix metalloproteinases, the main function of which is to do a combination of degrading and remolding the dynamic balance of the extracellular matrix. The level of LFA-1 was reported to be increased in mice following the knockdown of MMP-9, suggesting MMP-9 played a regulatory role in LFA-1 [24] , for which our results provided further evidence by Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry indicating that both silencing and overexpression of LFA-1 could reduce and increase the level of MMP-9. Bcl-2, Bax, and Caspase-3, are all apoptotic markers, with MMP-9 acting an angiogenic marker [25] . The Bcl-2 family of proteins could regulate apoptosis [26] . Bcl-2 is an anti-apoptosis protein, while Bcl-2 level can directly prevent cell apoptosis by limiting proapoptosis member activity of Bcl-2 family [27] . Bax was a pro-apoptotic member of the Bcl-2 family which regulated the programmed cell death and was also associated with increased survival [28] . Caspases were basic components of apoptotic mechanism in mammalian cells, and Caspase-3 was activated during apoptosis [29] . MMP-9 exerted considerable influence on tumor invasion, which was found to be increased in gastric cancer [30] . Defection of LFA-1 has been linked to the mediation to CD8+ T cell apoptosis by reducing the Bcl-2 level as well as enhancing the activation of pro-Caspase-8 [31] . The previous studies mentioned above also backed the remaining results from our study: the apoptotic index of the si-LFA-1 group had decreased significantly, while the apoptotic index of the LFA-1 vector group increased significantly, suggesting lentivirus-mediated silencing of LFA-1 could inhibit apoptosis of hippocampal neurons.
Conclusion
In conclusion, LFA-1 gene silencing by lentivirus resulted in the inhibited apoptosis of hippocampal neurons in rats with acute cerebral ischemia after cerebral lymphatic blockage, providing a basis for treatment of acute cerebral ischemia after cerebral lymphatic blockage. The novelty of our study is that we selected the model of MCAO + cerebral lymphatic blockage in order to investigate the role LFA-1 played in cerebral lymphatic blockage induced by cerebral ischemia for the first time, thereby analyzing the changes of relevant indicators by either silencing or overexpression of LFA-1 through the lentivirus. However, due to the limitation of the study subjects, further large-scale studies are required to check whether LFA-1 gene silencing has the same effect on human beings.
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